Purpose: Dual-energy CT (DECT) is arguably the most accurate energy mapping technique in CTbased attenuation correction (CTAC) implemented on hybrid PET/CT systems. However, this approach is not attractive for clinical use owing to increased patient dose. The authors propose a novel energy mapping approach referred to as virtual DECT (VDECT) taking advantage of the DECT formulation but using CT data acquired at a single energy (kV P ). For this purpose, the CT image acquired at one energy is used to generate the CT image at a second energy using calculated kV P conversion curves derived from phantom studies. Methods: The attenuation map (l-map) at 511 keV was generated for the XCAT phantom and clinical studies using the bilinear, DECT, and VDECT techniques. The generated l-maps at 511 keV are compared to the reference derived from the XCAT phantom serving as ground truth. PET data generated from a predefined activity map for the XCAT phantom were then corrected for attenuation using l-maps generated using the different energy mapping approaches. In addition, the generated l-maps using the above described methods for a cylindrical polyethylene phantom containing different concentrations of K 2 HPO 4 in water were compared to actual attenuation coefficients. Likewise, CT images of five clinical whole-body studies were used to generate l-maps using the various energy-mapping approaches were compared with l-maps acquired at 511 keV using 68 Ge/ 68 Ga rod sources for the clinical studies. Results: The results of phantom studies demonstrate that the proposed method is more accurate than the bilinear technique. All three l-maps yielded almost similar results for soft and lung tissues whereas for bone tissues, the DECT and the VDECT methods produced a much smaller mean relative difference (3.0% and 2.8%, respectively) than the bilinear approach (11.8%). Likewise, the comparison of PET images corrected for attenuation using the various methods showed that the proposed method provides better accuracy (6.5%) than the bilinear method (13.4%). Clinical studies further demonstrated that, compared to the bilinear method, the VDECT approach has better agreement for bony structures with the DECT technique (1.5% versus 8.9%) and transmission scanning (8.8% versus 17.7%). 
I. INTRODUCTION
Positron emission tomography (PET) produces images depicting the time varying biodistribution of positron-emitting probes in the patient's body. The resulting PET images are interpreted visually to assess the physiologic function of tissues, organs, and organ systems or can eventually be evaluated quantitatively to measure biochemical and physiologic processes in vivo. However, several physical factors can degrade image quality and quantitative accuracy of PET images including the detection of Compton Scattered photon, 1 patient motion, 2 attenuation of photons, 3 partial volume effect, 4 parallax effect, 5 positron range, 6 and annihilation photon acollinearity. 7 In particular, attenuation of photons in tissues affects both visual quality and quantitative accuracy of PET images. Therefore, accurate attenuation correction is necessary for improving image quality, enhancing lesion detectability, and for enabling quantitative analysis, thus allowing better management of patients in clinical oncology. 8, 9 Attenuation correction requires the availability of an attenuation map (l-map) which can be derived using either radionuclide or x-ray transmission scanning. Radionuclide transmission scanning is commonly implemented on standalone PET systems where the attenuation map is generated from either positron-emitting ( 68 Ga/ 68 Ge) rod sources or single-photon emitting ( 137 Cs) point sources, which rotate around the patient. The main advantage of this approach is that the energy of photons emitted from both sources is equal or very close to the energy of annihilation photons. The commercial introduction of combined PET/CT units stimulated the development of CT-based attenuation correction (CTAC). 10 CTAC has several advantages compared to radionuclide transmission scanning, including the generation of a noise free l-map, reduction of total scanning time, and the ability to collect uncontaminated postinjection transmission scans. 11 Despite these advantages, the technique increases the radiation dose delivered to the patient compared to radionuclide transmission scanning and suffers from many other drawbacks. 12 There are two important issues that should be considered when generating a l-map using CTAC: First, attenuation coefficients in CT images are measured at lower energies (effective energy $55-80 keV) compared to annihilation photons' energy in PET (511 keV). Second, the x-ray source in CT emits photons with a broad energy spectrum varying from 40 keV to 140 keV, 13 whereas the annihilation photons emitted by PET tracers are almost monochromatic (511 keV). Therefore, an accurate energy mapping method that converts attenuation coefficients measured at CT energies to equivalent values at 511 keV is essential. 14 Several energy-mapping techniques were proposed in the literature including: scaling, 15 segmentation, 11 hybrid (segmentation/scaling), 10 bilinear, 14, 16 quadratic, 17 and the dual-energy technique. 18, 19 Among the above referenced methods, the dual-energy technique presents a high accuracy, since it uses dual kV P CT scans to estimate the l-map at 511 keV. 17, 20 However, the technique bears many inherent drawbacks including the additional radiation dose to the patient which makes it impractical for clinical use. 21 In this work, we propose a new method allowing the implementation of the dual-energy approach using only a single energy CT image. The aim of this virtual dual-energy method is to generate a more accurate l-map especially in bony tissues compared to the common bilinear method implemented on commercial PET/CT scanners without delivering a higher radiation dose to the patient.
II. MATERIALS AND METHODS

II.A. X-ray CT and PET/CT scanners
The 64-slice LightSpeed VCT scanner (GE Healthcare, Waukesha, WI) equipped with highlight (Y2Gd2O3:Eu) ceramic scintillators was used for both phantom and clinical studies. This third generation CT scanner has a 540-mm source-to-isocenter and 950-mm source-to-detector distances, 58 368 individual detector elements arranged in 64 rows of 0.625 mm thickness at isocenter, each containing 888 active patient elements and 24 reference elements. The scanner is equipped with the Performix Pro anode grounded metal-ceramic tube unit, which uses 56 fan angle, 7 target angle and minimum inherent filtration of 3.25 mm Al and 0.1 mm Cu at 140 kV P .
Five clinical whole-body CT images and their corresponding transmission images, produced using 68 Ge/ 68 Ga rod sources, were acquired on the Discovery LS (DLS) PET/ CT scanner (GE Healthcare Technologies, Waukesha, WI). This scanner has the capability of producing both radionuclide-and CT-based l-maps. The detector blocks use BGO crystals of dimensions 4 Â 8 Â 30 mm 3 in the tangential, axial, and radial directions, respectively, arranged into 18 rings with 672 crystals per ring.
II.B. Energy-mapping methods
Since CT images are scaled in Hounsfield units (HU), accurate conversion from CT numbers to linear attenuation coefficient at 511 keV (l 511keV ) is required by the CTAC procedure. Several energy-mapping approaches were proposed including scaling, segmentation, hybrid (scaling/segmentation), bilinear, quadratic, and dual-energy decomposition. 17 This work compares the dual-energy and proposed virtual dual-energy approaches to the bilinear technique as the most commonly used technique on commercial PET/CT scanners.
II.B.1. Bilinear approach
The bilinear calibration curve is obtained by relating CT numbers of three reference points including air, water, and cortical bone to the corresponding l values at 511 keV. Hence, the HUs in CT images are divided into two regions (À1000 < HU 0 and HU > 0) and the experimentally derived conversion equations used to convert CT numbers to l 511keV for each regions. 14 
II.B.2. Dual-energy (DECT) approach
Since l 511keV reflects the sum of photoelectric absorption and Compton scattering components, the transformation of CT images expressed in HUs to l 511keV cannot be performed perfectly using a single kV P CT scan. 20 In the dual-energy technique, the individual photoelectric and Compton scattering contributions are determined using CT images acquired at two different energies. 18 The main advantage of this approach is the generation of an accurate l-map at 511 keV especially in the presence of high-Z materials including bone, contrast agents, and metallic objects. 18, 19 
II.B.3. Virtual dual-energy (VDECT) approach
Although the DECT method produces the most accurate attenuation map compared to other energy-mapping techniques, its routine clinical exploitation is hampered by a substantial increase of patient dose, since two CT scans acquired at different kV P are required. The VDECT technique uses a single CT scan acquired at one tube voltage and its algorithmic implementation requires the following steps. First, CT images at 140 kV P are acquired. Second, using this CT image and kV P conversion equations obtained from the phantom experiment described below, the corresponding CT image at 80 kV P is generated. It should be emphasized that since the noise in CT images is lower at high kV P , CT images at 80 kV P were derived from 140 kV P . Third, The DECT technique described by Guy et al. 18 is applied using the acquired and generated CT images. In other words, the CT image acquired at 140 kV P is converted to an attenuation map at 511 keV by applying kV P conversion equations and dual-energy formulation 18 (see Appendix A).
II.C. Phantom studies
An experimental phantom and anthropomorphic computerized anatomical model were used in this work.
II.C.1. RANDO Alderson phantom
The RANDO Alderson phantom (Radiology Support Devices, Inc., Long Beach, CA) consists of bone, lung, and soft tissue compositions formulated to mimic radiation interaction processes with biological tissues in the diagnostic and therapeutic energy range. Tissue-equivalent materials use human tissue composition data given in ICRU 44 report. 22 This arrangement provides anatomical properties similar to the human body, suitable for mimicking whole-body PET/ CT studies. The phantom is available in male and female models.
The RANDO Alderson phantom was scanned on a LightSpeed VCT scanner (GE Healthcare, Waukesha, WI) at 80 and 140 kV P tube voltages and tube current of 300 mA. Representative CT images of this phantom acquired at 140 kV P are shown in Fig. 1 . The CT images acquired at two energies were used to derive kV P conversion curves for the three tissue types, namely, soft tissue, lung, and bone. For this purpose, over 400 ROIs were defined on both CT images using AMIDE, 23 and the mean CT number of each ROI at 80 kV P was plotted against the corresponding value at 140 kV P for the three different regions including lung (HU À100), soft tissue (À100 < HU < 200), and bone (HU ! 200). 21 Fitting curves referred to as kV P conversion curves were then calculated for each tissue type and the corresponding linear regression equations obtained from each curve (Fig. 2) . Since biological tissues have almost similar interaction properties at CT tube voltages close to each other, this classification improves the precision of the resulting kV P conversion curves and corresponding equations. The obtained kV P conversion equations allow the conversion of CT images acquired at 140 kV P to CT images at 80 kV P and vice versa.
II.C.2. Polyethylene phantom
A polyethylene cylindrical phantom (250 6 0.5 mm diameter) consisting of 16 cylindrical holes (20 6 0.5 mm diameter) with four holes in the middle (5 6 0.5 mm diameter) filled with air was constructed. One of the 16 holes was filled with water and the rest with various concentrations of K 2 HPO 4 in water ranging between 60 and 1800 mg/cc to simulate different biological tissues.
This phantom was scanned on the LightSpeed VCT scanner at 80 and 140 kV P s and tube current of 400 mA with 1-s rotation speed. The acquired CT image at 140 kV P was converted to CT image at 80 kV P to validate the kV P conversion equations obtained from the RANDO Alderson phantom. Thereafter, the generated CT image was compared to the acquired CT image at 80 kV P. . In addition, the acquired CT images were used to assess the accuracy of l-maps generated using the bilinear, DECT, and VDECT energy-mapping methods. The actual l at 511 keV for each concentration of the K 2 HPO 4 solution was computed using the XCOM photon cross-section library, 24 which served as reference.
II.C.3. 4D XCAT model
The 4D extended cardiac-torso XCAT model is a realistic whole-body computerized model representing the human anatomy based on nonuniform rational B-spline surfaces (NURBS). 25 This voxelized model allows simultaneous generation of attenuation and activity maps with any desired biodistribution. Human tissue compositions were taken from ICRU report 44. 22 Whole-body attenuation maps at 60, 82 (corresponding to the effective energy of CT at 80 and 140 kV P , respectively), 14 and 511 keV were generated and used to evaluate the accuracy of the proposed method in terms of attenuation map estimation. In addition, l-maps at 511 keV were generated using the bilinear, DECT, and VDECT approaches and compared to the one derived from the XCAT phantom serving as reference. Likewise, activity maps in the thorax containing five lesions located at different organs (liver, lung, kidney, spine bone, and scapula bone) and corresponding attenuation maps at 60, 82 and 511 keV were used to assess the accuracy of the proposed technique on reconstructed PET images. The matrix size of all images (whether activity or attenuation maps) is 128 Â 128 with a pixel size of 3.125 mm. Simulated PET data were then generated analytically taking into account the effect of photon attenuation and statistical noise. The generated PET sinograms were then corrected for attenuation using the CTAC procedure using bilinear, DECT, and VDECT approaches for energy mapping. Attenuation correction and reconstruction of PET images were performed using the STIR (Software for Tomographic Image Reconstruction) package. 26 
II.D. Clinical studies
Sixteen patients underwent CT scans on the LightSpeed VCT scanner at tube voltages of 80 and 140 kV P s. Only one slice was acquired to keep patient dose to a reasonable level. This study was approved by the ethical committee of Tehran University of Medical Sciences (Ethic license number 1432), and all patients gave their written informed consent for participation. CT images of two patients were excluded from the study because of patient motion. First, the data were used to validate kV P conversion equations obtained from the RANDO Alderson phantom study. For this purpose, CT images at 140 kV P were converted to CT images at 80 kV P using these equations. Then, the generated CT images at 80 kV P (virtual CT images) were compared to actual CT images acquired at the same energy.
Second, clinical CT images were used to evaluate the accuracy of attenuation maps at 511 keV generated using the proposed VDECT method, bilinear, and DECT approaches. Since the DECT technique is arguably the most accurate one, the l-maps produced using this technique were used as reference. The acquired CT images at 140 kV P were converted to l-map using the bilinear method. In addition, CT images at 80 and 140 kV P were used to apply the DECT technique. Finally, acquired CT images at 140 kV P and the virtually generated CT image at 80 kV P were used to create the corresponding VDECT l-map.
Five whole-body CT images were also selected from the clinical PET/CT database to evaluate the proposed method. For this purpose, attenuation maps produced using both the proposed method and the bilinear technique were compared to transmission images acquired at 511 keV using 68 Ge/ 68 Ga rod sources on a GE Discovery LS PET/CT scanner.
II.E. Attenuation correction and image reconstruction
Three steps were followed for both clinical and experimental phantom studies to create l-maps corresponding to each energy-mapping method. First, CT images (512 Â 512 matrix size) were down-sampled to match PET voxel's size (128 Â 128). Second, the down-sampled CT images were converted to l-maps at 511 keV using the previously described energy-mapping techniques. Finally, the obtained l-maps were smoothed using a 5-mm Gaussian kernel to match the resolution of PET images. It should be noted that the smoothing of the five CT data acquired on the DLS scanner was performed using an 8-mm Gaussian kernel to match noisy transmission images.
Since the activity and attenuation maps of the XCAT phantom have the same matrix size (128 Â 128) and the same voxel size (3.125 mm), only energy-mapping step was performed to generate the l-map at 511 keV. The generated emission sinograms corrected for attenuation using different energy-mapping methods were reconstructed using the ordered subsets expectation maximization OSEM algorithm with six iteration and eight subsets.
II.F. Assessment strategy
For validation of kV P conversion equations, a region of interest (ROI)-based analysis was used for both clinical and phantom studies. For this purpose, several ROIs were defined in various tissues on the actual CT image at 80 kV P and the virtually generated CT image at the same energy using kV P conversion equations. Quantification of the agreement between two algorithms was performed by using Bland and Altman statistical analysis consisting in plotting the difference against the average of the compared methods. 27 The mean CT numbers of each ROI in both CT images were compared using Bland and Altman plots. Eleven ROIs were defined on various organs/tissues of the XCAT phantom, whereas 17 ROIs were delineated on the cylinders containing different concentrations of K 2 HPO 4 solutions, water, and air in the polyethylene phantom. The results were then compared to the actual l calculated using the XCOM photon cross-section library. 24 In addition, 175 ROIs were defined on the 14 clinical CT images consisting of 119 ROIs in soft tissues, 36 ROIs in bones, and 20 ROIs in the lungs.
Another set of ROIs was also defined for quantitative analysis of the proposed method using clinical data. A total number of 117 ROIs were defined on each created l-map at 511 keV for the 14 slices of clinical CT images consisting of 56 ROIs on soft tissues, 43 ROIs on bones, and 18 ROIs on the lungs. Similarly, 265 ROIs were defined on the different l-maps of the 5 PET/CT data including 93 ROIs on soft tissues, 51 ROIs on bones, and 121 ROIs on the lungs.
The mean l 511keV for each ROI estimated using the bilinear and VDECT l-maps was compared to corresponding values of the reference l-map, i.e., the DECT l-map for the 14 clinical CT images and the transmission image for the 5 clinical PET/ CT images. The percentage relative difference (PRD) was also calculated. In addition, correlation plots between the reference and other energy-mapping approaches were obtained. The Mann-Whitney test was used for statistical analysis.
Similarly, different ROIs were defined on PET images corrected for attenuation using the bilinear, DECT, and VDECT energy-mapping approaches and compared to images corrected using the reference l-map derived from the XCAT phantom. The mean activity for each ROI was determined and the percentage relative difference between PET images corrected using the bilinear, DECT, and VDECT techniques and the reference were obtained. Figure 3 shows the original and virtually generated CT images at 80 kV P of a clinical study. Small mismatches can be observed in the lung region of the virtually generated CT image owing to respiratory mismatch between the original CT image acquired at 80 kV P and the one acquired at 140 kV P keeping in mind that the VDECT image is derived from the CT image acquired at 140 kV P . ROI-based linear regression and Bland-Altman analysis performed on these two sets of CT images are shown in Fig. 4 . It can be seen that the CT images generated at 80 kV P using conversion equations is concordant with the actual CT images acquired at 80 kV P . Therefore, the kV P conversion equations present acceptable accuracy for converting clinical CT images acquired at 140 kV P to corresponding images at 80 kV P . Figure 5 shows typical clinical l-maps generated using the bilinear, DECT, and VDECT energy-mapping techniques together with the CT image acquired at 140 kV P . Table I summarizes the mean l 511keV in lung, bone, and soft tissues for each l-map together with the mean relative difference between both l-maps when compared to the one obtained using the DECT. Statistical analysis results (P-values were obtained using the Mann-Whitney test) are also presented.
III. RESULTS
III.A Clinical studies
Similarly, typical whole body l-maps generated using transmission scanning, bilinear, and VDECT energy-mapping techniques are shown in Fig. 6 . The mean l 511keV in the lungs, bones, and soft tissues for each l-map together with the mean relative difference between each l-map and the transmission image are summarized in Table II. Correlation plots between each energy-mapping method (bilinear and VDECT) and the reference are shown in Figs. 7 and 8. In lung and soft tissues, both energy-mapping methods provide a good prediction of l 511keV . However, the VDECT achieves a better agreement with reference for bone compared with the bilinear technique.
III.B. Phantom studies
A similar approach was adopted for validation of conversion equations using phantom studies. In the XCAT phantom, Ga rod source transmission scan, (b) bilinear, and (c) VDECT methods.
the correlation coefficient resulting from the comparison of the original CT image at 60 keV (effective CT energy at 80 kV P ) derived from the XCAT phantom and the generated VDECT image at the same energy using kV P conversion equations is very close to the unity (0.98). Similar observations were made for the polyethylene phantom where the correlation coefficient is equal to 0.96.
The estimated l 511keV using the 3 energy-mapping approaches at 511 keV and the actual coefficients together with the percentage relative differences for various tissues are summarized in Table III . All the energy-mapping methods yield acceptable performance in lung and soft tissues. However, in bone tissues, the mean relative difference between theoretical and calculated attenuation coefficients for bilinear, DECT, and VDECT methods is 11.8%, 3.0%, and 2.8%, respectively. Hence, the proposed technique improves the accuracy of computed l-map at 511 keV in comparison with the bilinear method, which is implemented on commercial PET/CT scanners, especially in bone tissues. The conversion curves relating CT numbers at 140 kVp to attenuation coefficients at 511 keV are plotted in Fig. 9 for the bilinear and VDECT methods as well as the reference derived from the XCAT phantom. The proposed method has better agreement with the reference especially in bone tissue. Table IV summarizes l 511keV obtained using the bilinear, VDECT, and DECT methods together with the mean percentage relative difference for different concentrations of K 2 HPO 4 . The mean relative difference between actual and calculated attenuation coefficients when using the bilinear, VDECT, and DECT approaches are 9.5%, 4.0%, and 4.0%, respectively. The original CT image at 140 kV P and generated l-maps using different energy-mapping approaches is shown in Fig. 10 .
The ROI analysis of PET images corrected for attenuation using the bilinear, DECT, and VDECT methods is shown in Table V . The mean relative differences are 6.4%, 6.5%, and 13.4% for the DECT, VDECT, and bilinear approaches, respectively. Thus, the proposed method is more accurate than the bilinear technique. The attenuation corrected PET images using the bilinear and VDECT energy-mapping methods and the original XCATs l-map at 511 keV are shown in Fig. 11 .
IV. DISCUSSION
The aim of this study is to propose a novel energymapping method to improve the accuracy of attenuation correction compared to the standard bilinear technique used on clinical PET/CT scanners. It should be noted that although the bilinear approach provides an acceptable accuracy in lung and soft tissues, it slightly overestimates l 511keV . 17 The proposed method is based on the dual-energy formulation 18, 19 but requires only one CT image acquired at a single kV P for its implementation.
In comparison with the bilinear method, the proposed technique has better agreement with the dual-energy approach, recognized as the most accurate method, especially for bone (Table I and Fig. 7) . The statistical analysis did not reveal any statistically significant difference between DECT and the bilinear technique for lung and soft tissues, whereas statistically significant difference is demonstrated for bone (P-value < 0.05). In addition, there is a statistically significant difference between DECT and VDECT methods for soft tissue (P-value < 0.005), whereas no proof of statistically significant difference was observed for lung and bone.
For the clinical PET/CT studies, the proposed method outperforms the bilinear technique in comparison with transmission images acquired using 68 Ge/ 68 Ga rod sources (Table  II and Fig. 8 ). The statistical analysis did not reveal any statistically significant difference between transmission images and l-maps generated using the bilinear approach for lung tissue, whereas statistically significant difference is demonstrated for bone and soft tissues (P-value < 0.005). In addition, there is a statistically significant difference between the transmission image and VDECT l-maps for bone and soft tissues (P-value < 0.005), whereas no proof of statistically significant difference was observed for lung.
Similarly, the XCAT phantom studies seem to indicate that all energy-mapping methods provide similar performance for prediction of l 511keV in lung and soft tissues. The largest absolute difference in l 511keV calculated using the three methods is 0.0033 cm
À1
. Hence, the differences in lung and soft tissues are almost negligible. However, both the DECT and the proposed VDECT method present better agreement with the reference l-map for bone. It is worth noting that the estimated linear attenuation coefficients and calculated percentage relative differences for the VDECT approach are almost similar to corresponding values for the FIG. 9 . Plots of conversion curves for the bilinear and VDECT energy-mapping approaches together with the reference derived from the XCAT phantom. DECT approach. The small difference (0.2%) between the both energy-mapping techniques is almost negligible. The bilinear approach led to a larger deviation compared to other methods (Table III) . For some tissues, the PRDs for the VDECT approach are less than the corresponding values for the DECT technique serving as reference. This is likely due to statistical noise 28 and the simplicity of the simulation procedure, although relevant to the methodology presented.
The conversion curve produced using the proposed method has better agreement with the reference derived from the XCAT phantom compared to the bilinear approach especially in bone (Fig. 9) . The results of the polyethylene phantom studies are consistent with the observations made for the clinical and XCAT phantom studies. The proposed method yields similar results to the DECT technique whereas the bilinear approach presents much higher relative differences compared to the VDECT and DECT approaches especially in regions of high concentrations of K 2 HPO 4 (Table IV) .
Reconstructed PET images of phantom studies corrected for attenuation using the VDECT method yielded a higher quantitative accuracy with respect to the bilinear method (Table V and Fig. 11) . Overall, the differences between various energy-mapping techniques are more pronounced in l-maps than reconstructed PET images. This is in agreement with observations made in previous studies reporting on the assessment of the impact of variations in the attenuation map on attenuation corrected PET images. 17, 29, 30 Novel x-ray tube technologies, allowing switching the kV P slice by slice, can also be used for implementation of the DECT technique. However, the main drawback of this technology is the deep level of ruination of the x-ray tube during switching. Since such x-ray tubes are not yet commonly used on commercially available PET/CT scanners, the derivation of accurate l-maps is still an area of considerable research interest.
In similar studies, iterative image reconstruction methods based on accurate physical and statistical models were used to suppress noise, thus enabling the use of low-dose DECT. 19, 31 The main drawbacks of these methods are the associated complexity and computational time. Also in some patients, mismatches are expected between CT images acquired at different kV P s owing to patient motion. The approach proposed in this work enables the implementation of the DECT technique by maintaining its advantages and keeping the dose to the patient unchanged compared to conventional CTAC. It is recognized that the results presented so far were obtained in the absence of contrast agents or metallic objects since the method combines a single energy CT scan with conversion equations to virtually generate a second CT image which makes it difficult to discriminate between contrast agents and bone. We plan to exploit segmentation algorithms to distinguish regions belonging to contrast media 32 or metallic objects 30 in CT images and use dedicated conversion curves to generate virtual images corresponding to these regions. This scheme is being refined and further developed and will be assessed carefully using clinical PET/CT studies.
It is worth noting that since noise is lower for CT images acquired at 140 kV P , the CT image at 140 kV P is used for generation of the second CT image at 80 kV P , allowing implementation of a novel energy-mapping approach taking advantage of the DECT technique. The combination of 80 and 140 kV P results in a more accurate l-map compared to any other energy combination. 17 
V. CONCLUSION
This work demonstrates that the proposed VDECT approach for energy mapping performs better than the bilinear method implemented on commercial PET/CT scanners, especially for bone. More importantly, it achieves similar performance compared to the DECT approach, recognized TABLE V. Activity ratios for various regions defined on reconstructed PET images of the XCAT phantom corrected for attenuation using the bilinear, DECT, and VDECT l-maps. The percentage relative differences (%) with respect to the reference for each method are also shown. as the most accurate technique available today. A significant advantage of the proposed technique is that no additional dose to the patient is required, which is an important issue for the pediatric population and for all studies when patient dose is a concern. It is recognized that the presented results were obtained in the absence of the contrast agents and metallic implants. The algorithm is being refined to consider these issues.
